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In this paper, we report the intercone transport of Weyl fermions in NbAs with external magnetic
field in parallel to electric field, a quantum phenomenon known as the Adler-Bell-Jackiw anomaly.
Surprisingly, the resulting negative magnetoresistance (MR) in NbAs shows significant difference
from NbP. The observed low-field positive MR dip, which is missing in NbP at low temperatures,
indicates that the spin-orbital coupling (SOC) is significantly stronger in NbAs than in the former.
The results imply that the contribution of arsenic to SOC in TaAs and NbAs is not negligible.
Since the discovery of two-dimensional (2D) massless
Dirac fermions in graphene [1, 2], many research efforts
have been made in search of topological materials for
hosting the other two types of relativistic Weyl fermions
and Majorana fermions. Although the observation of Ma-
jorana fermions are still under debate, there are recent
major breakthroughs in the low-energy quasiparticle re-
alization of chiral Weyl fermions in non-centrosymmetric
transition metal monopnictides [3–9] . Unlike the pre-
vious proposal of magnetic Weyl semimetals (WSMs)
in pyrochlore iridates [10], the spin degeneracy in the
TaAs family is lifted by breaking inversion symmetry [3]
instead of time reversal symmetry. The non-magnetic,
binary compounds of TaAs, TaP, NbAs and NbP are
ideal for exploring exotic Weyl fermion-related physics
and novel device concepts [11–16]. Indeed, surface Fermi
arcs associated to the topological Weyl node pair with
opposite chirality in the bulk have soon been observed in
TaAs and NbAs by angle-resolved photoemission spec-
troscopy (ARPES) [6–8], and the chiral-anomaly induced
quantum transport [11, 17] has also been demonstrated
in TaAs [4] and NbP [9].
Although all the synthesized TaAs family show chiral
Weyl nodes in the bulk, it is not clear at the moment
which compound is the best platform for testing vari-
ous quantum phenomena and device prototypes. Ide-
ally, with the presence of topological Weyl nodes, strong
spin-orbital coupling (SOC) is required to fully open an
energy bandgap in the bulk and leave the Fermi energy
(EF ) lying within the relativistic Weyl cones. TaAs was
naturally regarded as a better choice than NbP, due to
the much heavier atomic weight of Ta (5d) than Nb
(4d). However, very recent transport experiments show
that NbP has unprecedented Weyl electron mobility of
1 × 107 cm2V−1s−1 at 1.5 K [9], which is at least one
order of magnitude higher than TaAs [4, 5]. NbAs thus
becomes the unique choice to understand the difference
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between TaAs and NbP, since TaP has not be synthe-
sised at ambient pressure. Equally importantly, despite
that ARPES results have confirmed Weyl nodes and
Fermi arcs in NbAs [8], the quantum signature of neg-
ative MR=[ρ(H) − ρ(0)]/ρ(0) associated to chiral Weyl
fermions have not been reported yet.
Chiral anomaly induced negative MR in TaAs is char-
acterised by sharp positive MR dip below 0.5 T, which is
attributed to SOC induced weak antilocalizaiton (WAL)
[18]. Such positive MR dip is completely covered by the
negative Adler-Bell-Jackiw anomaly in NbP, and only be-
comes discernible at the elevated temperatures above 50
K when the systems are not well quantized [9]. Here we
report the observation of the competition between chi-
ral anomaly induced negative MR and positive MR dip
at low temperatures in NbAs. Despite that Nb is much
lighter than Ta, NbAs shows negative MR characteristics
more like TaAs than NbP. The results are direct evidence
on the non-negligible contribution of As to SOC in TaAs
and NbAs.
NbAs crystallizes in a body-centered tetragonal Bra-
vais lattice with the space group of I41md (109). Our
X-ray diffraction (XRD) obtains lattice constants of a =
3.45 A˚ and c = 11.68 A˚, consistent with the earlier crys-
tallographic studies[8, 19, 20]. Single crystals of NbAs
were grown by vapor transport using iodine as the trans-
port agent, as described in Ref. [9, 21]. The chemical
compositions of NbAs were verified by energy dispersive
x-ray spectroscopy (EDX), showing an atomic percentage
ratio of Nb:As = 49.4 : 50.6±3% without iodine residual
in these single crystalsimpurity. The largest natural sur-
face of the obtained NbAs single crystals was determined
to be the (112) plane by single crystal x-ray diffraction,
shown in the lower inset of Fig. 1(a), with typical dimen-
sion of 1 × 1 mm2. The quality of the NbAs single crys-
tals was further checked by the x-ray rocking curve. The
full width at half maximum (FWHM) is only 0.03◦ (not
showing here), indicating the high quality of the single
crystals. The sample was polished to a bar shape, with
1 × 0.3 mm2 in the (112) plane and a 0.2 mm thick-
ness. A standard six-probe method was used for both
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FIG. 1. (Color online) (a), Magnetic field dependence of
Magnetoresistance with magnetic field (µ0H) from perpen-
dicular (θ = 90◦) to parallel (θ = 0◦) to the electric current
(I) at T = 2 K. The upper left inset displays the original
resistivity data plotted on logarithmic scale, emphasizing the
contrast between extremely large positive MR for magnetic
field perpendicular to current (θ = 90◦) and negative MR
for field parallel to current (θ = 0◦). The upper right inset
depicts the corresponding measurement configurations. The
lower inset present the single crystal XRD data. (b), Mag-
netic field dependence of MR under various temperatures for
magnetic field (µ0H) parallel (θ = 0
◦) to the electric current
(I). The inset display the original resistivity data.
the longitudinal resistivity and transverse Hall resistance
measurements.
Figure 1(a) displays the angle dependent MR measured
at T = 2 K, in which the angles θ is defined by the ap-
plied magnetic field (µ0H) with respect to the electric
current (I), as illustrated in the right inset of Fig. 1(a).
The angle rotates from µ0H//I to µ0H⊥I, and θ = 0◦
corresponds to the former configuration. With θ = 90◦
(µ0H⊥I), positive MR of ∼10000% is observed, which is
strongly relies on θ. When the magnetic field is rotated
to be parallel to the electric current (θ = 0◦), we ob-
served the Adler-Bell-Jackiw anomaly associated to Wely
fermions in NbAs, manifested as negative MR below 3 T.
In the left inset of Fig. 1(a), we display the original re-
sistivity data plotted on logarithmic scale, which clearly
shows that negative MR is unique for θ = 0◦. Since the
Adler-Bell-Jackiw anomaly is a quantum effect, we have
studied the negative MR at a function of temperatures,
by keeping magnetic field parallel to the current(µ0H//I,
θ = 0◦ ). As shown in Figure 1b, below 20 K, an nega-
tive MR change of about -20% can be observed under an
applied field of 3.2 T. Such negative MR is suppressed
by increasing temperature, and ultimately disappeared
above 100 K. The T-dependent changes in negative MR
is very similar to the results obtained on TaAs and NbP
[4, 5, 9]. At low field (B< 0.5T), the data show positive
MR dip, which may come from the WAL effect stemming
from the strong spin-orbit interactions[18]. Similar low-
field positive MR has also been reported in TaAs [4, 5],
but in stark contrast to NbP in which positive MR dip is
completely missing below 75 K [9]. This is quite surpris-
ing, since SOC is generally considered to be controlled by
the transition metals. It is noteworthy that when mag-
netic field higher than 3.2 T, the MR becomes positive
again. This behavior is very similar to the situation in
TaAs[4]. One possible explanation was given by Huang
etal.. in Ref. [4] as the Coulomb interaction among the
electrons occupying the chiral states, which drives the
systems into a spin-density-wave (SDW) like state.
Figure 2(a) displays the magnetic field dependence of
Hall resistivity ρyx(B//c) measured as a function of tem-
peratures. At low temperature, the negative slope in
high magnetic fields indicates that the electrons domi-
nate the charge transport. Insterestingly, in low fields
the curve shows a pronounced sign change from posi-
tive to negative, as shown in the inset of Figure 2a for
100 K and 150 K. The curvature and sign reversal of
the Hall resistivity is typical for the systems with the
coexistence of high-mobility electrons carriers with low-
mobility holes. At higher temperature, the slope of Hall
resistivity changes to positive, implying the dominant
hole conductions. All these results are consistent with
multiple hole- and electron-pockets in TaAs and NbP,
and agreeing with DFT band structure calculations[3–
5, 21] and a previous paper on NbAs[22]. As shown in
Fig. 2(b), the material shows negative Hall coefficient,
RH(T ) below 150 K, and changes RH(T ) sign for tem-
perature at higher temperatures. For simplicity, we have
used the single band theory to estimate the mobility. The
inset of Fig 2(b) displays mobility versus temperature de-
duced from RH(T ) at 7 T. Here, NbAs exhibits an ultra-
high mobility of 2.45 × 105 cm2/Vs at 1.5 K, consistent
with the result in ref. [22].
In Fig. 3(a) the temperature dependence of resistivity
is plotted. The inset shows the zoom-in of metallic char-
acteristic of NbAs at zero field down to 1.5 K. The applied
magnetic field not only significantly increases the resistiv-
ity, but also causes a crossover from metallic to insulator-
like behavior, which may be related to the formation of
the Landau levels under magnetic field[4]. Noticeably, a
resistivity anomaly can be observed under applied field,
with its peak position shifting to high temperature when
increasing magnetic fields. Similar behavior was observed
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FIG. 2. (Color online) (a), Hall resistivity measured at various
temperatures from 2 to 300 K. The inset displays enlarged plot
of Hall resistivity curves at T = 100 K and 150 K. (b), Hall
coefficient RH at 7 T as a function of temperature. The inset
displays mobility versus temperature determined by the Hall
coefficient at 7 T and the zero field resistivity using a single
band approximation.
in TaAs[4], ZrTe5 and HfTe5[23]. The mechanism may
be closely related to the origin of linear MR and detailed
study is still under the way. Figure 3(b) displays the field
dependence of MR at various temperatures. At 300 K,
the MR reaches as high as 170% at 7 T, as shown in the
inset of Fig. 3(b). Above 1.5 T, the MR of our NbAs
single crystal is quite linear, which can be attributed to
the theoretical prediction of linear quantum MR induced
by 3D relativistic electronic structure[24]. However, the
quantum limit required in Ref.[24] is actually not reached
in our sample. Nevertheless, this large room temperature
linear MR is quite unusual. At low temperatures, clear
Shubnikov de Haas (SdH) oscillations have been detected
starting from very weak magnetic field.
Figure 4 shows the oscillatory component of ∆ρ versus
1/B at different temperatures after subtracting polyno-
mial backgrounds. The deduced ∆ρ versus 1/B curves
are periodic in 1/B, corresponding to the successive emp-
tying of the Landau levels when the magnetic field is in-
creased. The peaks marked by Landau level (LL) index
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FIG. 3. (Color online) (a), The temperature dependence of
resistivity in magnetic field perpendicular to the electrical cur-
rent. The inset of (a) gives the measurement configuration,
and zooms in on the case of 0 T. (b) Magnetic field depen-
dence of MR at representative temperatures. The inset of (b)
displays the enlarged plot for T = 300 K.
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FIG. 4. (Color online) The high field oscillatory component
M ρ plotted against inverse field 1/µ0H at T = 1.5, 5, 10
and 15 K. The inset displays SdH fan diagram plotting the
measured1/Bn with the filling factor n, which is estimated
from the M ρ versus 1/Bn plot.
4n are mainly stemming from the oscillations with the fre-
quency of 25 T. The cross-sectional area of the Fermi sur-
face (FS) AF = 2.38× 10−3A˚−2 can be obtained accord-
ing to the Onsager relation F = (Φ0/2pi
2)/AF , where F
and Φ0 are the oscillation frequency and flux quantum,
respectively. We assign integer indices to the ∆ρ peak
positions in 1/B and half integer indices to the ∆ρ valley
positions. According to the Lifshitz-Onsager quantiza-
tion rule AF (~/eB) = 2pi(n+ β− 1/2 + δ), in which 2piβ
is the Berry’s phase, and 2piδ is an additional phase shift
resulting from the three dimensionality of the Fermi sur-
face [25], the LL n is linearly dependent on 1/B. The
fitting of our results in Fig. 4 yields an intercept 0.119,
which means a non-trivial pi Berry’s phase (β = 1/2)
and δ = 0.119 (very close to 1/8), which is expected for
electron pockets enclosing Weyl nodes.
In summary, we have performed bulk transport mea-
surements on single crystals of 3D Weyl semimetal NbAs,
with solid quantum transport evidence on the existence
of Weyl fermion pockets. Large MR as high as 10000%
is detected with magnetic field perpendicular to the cur-
rent. When the external magnetic field is rotated to be
parallel with the current, chiral anomaly induced nega-
tive MR up to -20% is observed, providing the first exper-
imental results on quantum transport of Weyl fermions
in NbAs. The decent mobility of 2.45 × 105 cm2/Vs
at 1.5 K in NbAs allow us to analyze the Shubnikov-de
Haas oscillations of longitudinal resistance as a function
of temperatures, which yields a nontrivial pi Berry’s phase
as expected for the relativistic Weyl cone. Unexpectedly,
NbAs show much stronger SOC than NbP, as manifested
by positive MR dips below 0.5 T, which competes with
the chiral anomaly induced negative MR at low temper-
atures. The results suggest that the contribution of As
to SOC is not negligible in TaAs and NbAs.
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